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ABSTRACT 

The resp  nse of se lec ted  su r face -ban i - r  and lithium- 

d r i f t e d  s i l i c o n  detectors  t o  photon and neutron r ad ia t ion  i s  

reported.  Absorbers of various material were used t o  shield 

out primary beta r ad ia t ion  and conversion e lec t rons .  

combined detector  and absorber, and fo r  energies above a 200 

keV bias l e v e l ,  t h e  photon counting e f f ic iency  was i n  t h e  range 

of 1 x 

what on photon energy and de tec tor  size.  

For 

t o  1 x 10-1 counts per y per cm2; depending some- 

The neutron counting e f f i c i ency  could not be unambiguously 

separated from t h e  photon ef f ic iency  due t o  the impossibi l i ty  

of obtaining y-free neutron f i e l d s .  However, an upper l i m i t  

f o r  the e f f ic iency ,  abobt below t h a t  fo r  photons, was 

obtained over t h e  neutron energy range from 0.20 t o  0.73 MeV. 

The channel e lec t ron  mul t ip l ie rs  could not be operated 

without a f t e r  puls ing and therefore  t h e  response measurements 

could not be conducted, 

Response measurements for  a type 6213 G-M counter were 

conducted a t  photon energies from 0.279 MeV t o  2.75 MeV and 

a t  neutron energies from 0.20 MeV t o  0.73 MeV. 

sponse w a s  a l s o  measured f o r  lead shielding from 0.01 inches 

t o  0.450 inches th i ck .  

Photon re- 

Response measurements f o r  two NE-213 l i q u i d  s c i n t i l l a t o r  

neutron spectrometers were conducted with monoenergetic neutrons 
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from 0.73 MeV t o  5.0 MeV. 

normal and s ide  incidence of neutrons on t h e  de tec tors .  Response 

functions were determined as a function of neutron energy f o r  

s eve ra l  equivalent e lec t ron  bias l eve l s  from 25 keV t o  200 keV. 

Responses were determined f o r  both 
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SUMMARY 

This i s  t h e  Final  Report describing t h e  work accomplished on 

Contract No. 952559 f o r  a "Study of In te rac t ion  of Low Dose Power Source 

Radiation Fields  with Selected Space Sc ien t i f i c  Instruments." 

report  i s  concerned with the  measurements taken with t h e  s c i n t i l l a t i o n  

neutron spectrometer using monoenergetic neutrons, and the  measurements 

taken with s i l i c o n  surface b a r r i e r  and l i thium d r i f t e d  de tec tors ,  G-M 

counters and channel e lec t ron  mul t ip l ie rs  using photon and neutron 

rad ia t ion .  

This 

The object ives  of t he  work are  t o  determine t h e  rad ia t ion  

responses and the  absolute de tec tor  e f f ic iency  as a f'unction of photon 

and neutron energy fo r  EON type 6213 Geiger-Muller counters, s i l i c o n  

t o t a l l y  depleted surface barrier de tec tors ,  l i thium d r i f t e d  s i l i c o n  

de tec tors ,  and type CEM-4010 channeltron% e lec t ron  mul t ip l ie rs ,  and t o  

c a l i b r a t e  a s c i n t i l l a t i o n  neutron spectrometer and associated electron- 

i c s  supplied by JPL.  

This work i s  being done t o  provide more precise  information 

about t h e  response of space r ad ia t ion  detectors  t o  rad ia t ion  f i e l d s  

generated by spacecraf t  isotopic  power sources. The neutron spectrometer 

i s  being ca l ibra ted  t o  provide spectrum da ta  for monoenergetic neutrons 

so  t h a t  measurements of continuous neutron spec t ra  can be made. 

Vhannel t ron i s  a regist .ered trademark of t he  Bendix Corporation. 
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Five d i f f e r e n t  thicknesses of s i l i c o n  surface b a r r i e r  detectors  

from 30 microns t o  1000 microns were used together  w i t h  four thicknesses 

of l i thium dr i f ted  s i l i c o n  detectors  from about 1 m m  t o  5 mm d r i f t e d  

depths. Ef f ic ienc ies  f o r  counting photons ranged from about 1 x 

counts per photon per em2 fo r  t h e  smallest de tec tor ,  t o  about 1 x 10" 

counts per  photon per em2 fo r  t h e  largest de tec tor  a t  a bias of 200 keV. 

Measurements were conducted w i t h  f i v e  photon sources: 

54Mny 6oCo and 2 4 N a  and two absorbers: 

A1 f o r  the other sources.  Results were determined For a l l  sources and 

a l l  detectors  except t h e  30 micron de tec tor  which i n  some cases w a s  s o  

in sens i t i ve  no counts were obtained above the  noise l e v e l .  The 1 m m  and 

3 mm l i thium d r i f t ed  detectors  yielded inconsis tant  r e s u l t s  i n  tha t  

t h e i r  e f f i c i enc ie s  were not cons is tan t  w i t h  the  s t a t e d  d r i f t  depth. 

203Hg, l3 7Cs 

0.220 i n  A1 for24Na and 0.09 i n  

Neutron measurements were conducted fo r  0.20, 0.56, and 0.73 

MeV monoenergetic neutrons.  The re su l t an t  e f f i c i enc ie s  range from about 

1 x counts per  neutron 

per em2 depending on detector  thickness ,  

t o  t he  a c t u a l  e f f ic iency  because of photons present i n  t h e  neutron beam. 

I n  f a c t ,  most of t h e  measured response may be due t o  gamma radia t ion .  

The measured "neutron" e f f i c i enc ie s  a r e  about two orders of magnitude 

less than the measured photon e f f i c i e n c i e s .  

counts per neutron per cm2 t o  about 1 x 

These values a re  an upper l i m i t  

Measurements were conducted with a channel e lec t ron  mul t ip l i e r  

type CEM-4010. Due t o  a problem w i t h  a f te rpuls ing ,  no confidence can be 

placed i n  t h e  counting data, although pos i t i ve  r e s u l t s  were obtained f o r  

137Cs, 54Mn, and 6oCo sources. The device did not reach t h e  count r a t e  
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sa tura t ion  mode of operation with voltages as high as 4000 v o l t s .  

Photon response and shielding experiments were conducted with 

t h e  6213 G-M counter. 

applied t o  t h e  G-M. 

0.020, 0.030, 0.050, 0.075, 0.150, 0.300, and 0.450 inches of lead  sur- 

rounding t h e  s ide  of t h e  G-M counter but no shielding i n  f ront  of t h e  

window. 

JPL measurements and manufacturer's spec i f ica t ions  f o r  t h e  unshielded 

counter and s i d e  incident photons. Measurements were conducted only for 

side incidence with t h e  source placed s o  t h a t  photons could not en ter  the  

window d i r e c t l y .  

Sa t i s fac tory  operation w a s  achieved a t  550 v o l t s  

Shielding measurements were car r ied  out with 0,010, 

Efficiencies  f o r  137Cs, 54Mn, and 6oCo sources agreed w e l l  with 

The absolute counting e f f ic iency  (response) of t h e  two NE-213 

s c i n t i l l a t o r s  f o r  t h e  fast  neutron spectrometer w a s  measured f o r  mono- 

energetic neutrons from 0.73 t o  5.0 MeV a t  0.5 MeV i n t e r v a l s .  The 

s c i n t i l l a t o r s  were operated i n  a commercial n,y discrimination system, 

and a multichannel analyzer w a s  used t o  obtain d i f f e r e n t i a l  pulse height 

spectra  a t  each neutron energy. The i n t e g r a l  response above bias l e v e l s  

from 25 t o  200 keV (e lec t ron  equivalent energy) w a s  obtained by integra- 

t i o n  of t h e  spectra .  Neutron fluence f o r  each run w a s  measured using 

the  Hanford long counter. 

'For 2 MeV neutrons, and a 50 keV bias l e v e l ,  t h e  response w a s  

respect ively 1.3 and 2.05 counts per neutron/cm2 f o r  t h e  1 . 5  inch and 

2.0 inch diameter s c i n t i l l a t o r s .  

Data on t h e  s c i n t i l l a t o r  l i g h t  output f o r  the  r e c o i l  protons 

was a l so  evaluated and found t o  be consis tent  with t h a t  of other  workers. 



INTRODUCTION 

Since fu tu re  in te rp lane tary  spacecraf t  w i l l  r equi re  t h e  use 

of radioact ive i so topic  sources t o  furnish on-board power, t h e  

e f f e c t s  of t h e  rad ia t ion  emitted from t h e  sources on various 

instrumentation i n  the  spacecraf t  must be known and evaluated. 

The purpose of t h i s  pro jec t  i s  t o  measure experimentally t h e  

response of se lec ted  instruments t o  monoenergetic photon and 

neutron r ad ia t ion  s o  proper correct ions can be made f o r  t h e  

presence of t h e  r ad ia t ion  f i e l d  i n t e r n a l  t o  the  spacecraf t .  

With t h e  energy response of t h e  instruments known, it should 

be possible  t o  ca lcu la te  t h e i r  response t o  t h e  power source 

rad ia t ion  f i e l d  which i s  not monoenergetic. 
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I. y RESPONSE OF SOLID STATE DETECTORS 

The detectors  t o  be invest igated consisted of one each of 30y, 

loop, 300u, 50011, and 1000~ th ick  surface b a r r i e r  detectors  and 1 mm, 2 

mm, 3 mm, and 5 mm depletion depth L i  d r i f t e d  s i l i c o n  detectors .  The 

surface b a r r i e r  detectors  were supplied by Nuclear Diodes, Inc. ,  and t h e  

L i  d r i f t e d  detectors  by Nuclear Equipment Corporation. The 3011 detector  

had an area of 0.5 em2; a l l  other detectors  were 2 em2. 

photon sources used and t h e i r  associated y energy output were: 

The isotopic  

203Hg y = 0.279 MeV 

1 3  7cs y = 0.662 MeV 

4Mn y = 0.835 MeV 

6OCO y1 = 1.173 MeV 

y i  = 1.332 MeV 

4 N a  y1 = 1.369 MeV 

= 2.754 MeV 
y2 

Since a l l  of these sources a l s o  emit conversion electrons or b e t a  par t ic lces  

or both,  it was necessary t o  s h i e l d  t h e  detector  from these  p a r t i c l e s .  Any 

shielding placed around the  detector ,  however, gives r ise  t o  secondary 

electrons generated by t h e  source y-rays. 

by t h i s  method i s  thus impossible t o  do d i r e c t l y .  It i s  not t h e  pure gamma 

ray response t h a t  i s  desired s ince t h e  counters are always surrounded by 

absorber materials s o  t h e  e f f e c t s  of secondary electrons generated i n  t h i s  

To obtain a "pure" photon response 
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material  must be determined. One can a t  best t r y  t o  minimize secondary 

electron detect ion interference and i n t e r p r e t  as b e s t  one can t h e  resul-  

t i n g  "impure" response curve. A major problem i n  a l l  shielding attempts 

i s  t h a t  some of  t h e  detectors  approach 100 percent detection eff ic iency 

f o r  most of t h e  incident  secondary electrons i n  question, while t h e  y 

eff ic iency var ies  from a few percent t o  l e s s  than 1 percent,  depending 

on the  de tec tor ,  y source and bias l e v e l .  

The y response w a s  t o  be determined as t h e  number of i n t e g r a l  

counts above a s e r i e s  of voltage or corresponding energy b ias  l e v e l s  per 

calculated incident photon flux. It w a s  suggested at f i r s t  t h a t  a simple 

lower l e v e l  voltage discriminator and s c a l e r  un i t  be u t i l i z e d  t o  obtain 

t h e  resu l t s .  It was f e l t ,  however, t h a t  t h e  addi t ional  s p e c t r a l  infor-  

mation t h a t  could be obtained by use of a multichannel analyzer would be 

very usefu l  and perhaps necessary. The b i a s  l e v e l s  of i n t e r e s t  corres- 

pond t o  50 keV, 75 keV, 100 keV, 150 keV and 200 keV of energy deposited 

i n  a detector .  

The i n i t i a l  experimental set-up w a s  as shown below. 
1 

I I 

Light-t ight 
Metal Box 
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Since the  detectors  a r e  very s e n s i t i v e  t o  v i s i b l e  l i g h t ,  they were placed 

i n  a l igh t - t igh t  box. This consisted of a metal chassis box approximately 

6~8x2 inches,  with a cardboard top. 

inch sheets  of aluminum, graphite,  lexan (polycarbonate) or lead placed 

The absorbers consisted of 2-1/2x3-1/2 

% 1/2 inch i n  f ront  of t h e  detector .  The thickness of each absorber w a s  

made as close as possible  t o  the calculated range of an electron i n  t h e  

absorber mater ia l  with t h e  f u l l  energy of t h e  y-ray being d e a l t  w i t h .  It 

w a s  f e l t  that  t h i s  thickness would s t o p  t h e  be ta  or conversion electrons 

from each source and insure an equilibrium value of escaping secondary 

electrons which were generated i n  t h e  absorber. From the empirical  formulas, 
1 e38 

R = 0.5423 - 0.133 f o r  0.8 < E < 3 MeV and R = 0.407E f o r  0.15 < E < 0.8 

MeV (where R = range i n  gm/cm2 and E I= energy i n  M e V ) ,  we obtained t h e  

following values; 

E(MeV) 279 .662 .835 1.332 2 a 754 

.070 .230 .320 589 1.493 

Raluminum cm 0259 .0852 ,1185 218 554 
i n  ,0102 ,0336 ,0466 ,086 ,218 

cm ,0437 .1439 .200 .368 e935 Rgr aph i t e 
i n  .0172 ,0566 .0786 ,145 ,368 

i n  ,0222 0730 .lo20 ,187 9 475 

Rlead 
I -  

cm .0062 ,0203 .0282 0519 ,132 

i n  .00242 ,0080 ,0111 .0204 ,052 
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The charge col lected by the detector  w a s  fed t o  a TC-135 charge 

The pulse formed here w a s  shaped and fu r the r  am- 

The t i m e  constants used were ~ 0 . 4 ~  seconds 

sens i t i ve  preamplif ier .  

p l i f i e d  by a TC-200 amplif ier .  

fo r  some de tec tors  and 0.21.1 seconds f o r  others .  The s igna l  was then 

s tored  i n  1024 channels of an ND-2200 multichannel analyzer. 

current  values for the detectors  were such t h a t  a change i n  t h e  TC-135 

bias r e s i s t o r  was necessi ta ted.  

The leakage 

It w a s  reduced from 91 x lo6 ohms t o  

22 x 106 ohms. 

I n i t i a l  runs w i t h  t h e  various detectors  were made i n  vacuum. 

A 210Po a source was  used t o  check reso lu t ion .  

detector  proved t o  be t o o  noisy t o  use and w a s  returned t o  t h e  vendor, who 

replaced it with an acceptable one. The 3 mm L i  d r i f t e d  de tec tor  l a t e r  

developed excessive noise problems and w a s  repaired by the  vendor. The 

detectors  gave measured210Po a reso lu t ions  very close t o  30 keV FWHM. 

S l igh t ly  higher FWHM values were obtained for t h e  137Cs 624 keV conversion 

e lec t ron  peak i n  vacuum. 

The LOOOp surface b a r r i e r  

To c a l i b r a t e  the detector  response w i t h  energy, it w a s  decided 

t o  use a 203Hg source i n  vacuum. 

264 keV, showed prominently i n  a l l  bu t  t h e  3011 detec tor .  

were obtained w i t h  t h i s  detector  because of i t s  extremely low s e n s i t i v i t y .  

The low energy of t h e  203Hg conversion electrons insures  t h a t  t h e  peaks 

should correspond t o  f u l l  energy deposit ion.  I n i t i a l  ca l ibra t ions  were 

made t o  some a r b i t r a r y  and uneven number i n  terms of energy per channel. 

Later ,  amplif ier  gain w a s  always adjusted t o  y i e l d  5 keV per channel, which 

was most convenient. Results were pr in ted  out on paper tape:. The tapes  

The two conversion peaks, at 194 keV and 

L i t t l e  r e s u l t s  
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were then t o t a l l e d  or in tegra ted  above the  channel numbers which corres- 

ponded t o  t h e  f i v e  bias energy l eve l s .  The l i n e a r i t y  of t he  system was 

checked per iodica l ly  by use of a precis ion pulse generator,  which inser-  

t e d  s igna l s  i n t o  the preamplif ier .  The r e s u l t s  always showed e s s e n t i a l l y  

zero l i n e a r i t y  deviat ion from channels 10 through 1024. 

The reso lu t ion  of each detector  as measured w i t h  t h e  203Hg 

source i n  vacuum i s  shown i n  Table 4. Most of the detectors  have a f u l l  

width ha l f  maximum (FWHM) reso lu t ion  of 20 t o  30 keV. 

d r i f t e d  de tec tor  i s  s l i g h t l y  poorer a t  32.5 keV, and t h e  300, 500, and 

1000 micron detectors  are s l i g h t l y  b e t t e r  a t  18.3 and 17.5 keV. 

The 1 mm l i thium 

Background runs were always made w i t h  each detector  t o  record 

both the r ad ia t ion  background and e l ec t ron ic  noise contr ibut ions t o  t h e  

count r a t e .  Subtraction w a s  then made from t h e  t o t a l s  fo r  t h e  various 

b i a s  l e v e l s  t o  e l iminate  these  contr ibut ions.  I n  a few cases,  t h e  

lowest bias l e v e l s ,  50 keV, had such a high noise contr ibut ion t h a t  it 

was unre l iab le .  

I n i t i a l  r e s u l t s  a re  t y p i f i e d  i n  Table 1, which gives t h e  mea- 

sured response of f i v e  detectors  a t  50 keV bias with t h e  four d i f f e ren t  

absorber mater ia l s .  F i r s t  evident w a s  the  f a c t  t ha t  t h e  type of absorber 

seemed t o  make very l i t t l e  d i f fe rence  i n  t h e  response. 

most extreme cases ,  t h e  maximum d i f fe rence  i n  e f f ic iency  fo r  t h e  d i f f e r -  

ent  absorbers i s  10  t o  1 5  percent.  I n  most cases ,  it i s  much l e s s ,  being 

within t h e  uncer ta in t ies  of t h e  experiment. 

gives t h e  "purest" y contr ibut ion of t h e  sources used, t h e  response f o r  

d i f f e ren t  absorbers i s  e s s e n t i a l l y  constant.  This i s  espec ia l ly  t r u e  f o r  

In a few of t h e  

For the case of 54Mn, which 
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the  l i t h i u m  d r i f t e d  detectors ,  which have a s igni f icant  dead l a y e r  on t h e  

back s ide  insens i t ive  t o  backscattered electrons.  Since the absorber 

thickness i n  each case i s  not grea t  enough t o  cause more than a very few 

percent y at tenuat ion,  these  r e s u l t s  might be expected. 

A l l  these i n i t i a l  r e s u l t s ,  however, seemed t o  ind ica te  somewhat 

higher responses than were expected. Also, t h e  bare response of some of 

the  detector-source combinations i n  r e l a t i o n  t o  t h e  absorber-in-place re- 

sponse w a s  hkgher than expected. These r e s u l t s  seemed t o  indicate  exces- 

s ive background s c a t t e r i n g  i n t o  t h e  detectors .  

Three s teps  were taken t o  reduce s c a t t e r i n g  conditions: (1) the  

metal box w a s  replaced by a l a r g e r  (10x14~4 inches) cardboard box; ( 2 )  the  

absorber w a s  cut t o  a c i rcu lar  d i sc  t h e  diameter of t h e  detector ;  ( 3 )  t h e  

absorber w a s  moved i n t o  v i r t u a l  contact with the detector .  Each of these 

s teps  reduced response somewhat. The combined e f f e c t s  decreased responses 

by a fac tor  of from 10 t o  25 percent.  The reductions were generally 

grea te r ,  percentage-wise, f o r  t h e  thinner  detectors  and lower energy sources. 

The f i n a l  experiments were car r ied  out for only t h e  aluminum 

absorber. Absorber thickness w a s  s e t  a t  ,090 inches f o r  a l l  sources ex- 

cept 2 4 N a ,  for which it w a s  .220 inches. The increase was necessary f o r  

2 4 N a  primarily because of t h e  2.75 MeV m a x i m u m  energy gamma present.  

The f i n a l  r e s u l t s  a re  tabulated i n  Table 2 and shown on Figures 

1 through 5. Response i s  given as t h e  number of counts above a cer ta in  

b i a s  energy l e v e l  per calculated incident  gamma per square centimeter. 

The calculated incident gamma value does not take i n t o  account any gamma 

at tenuat ion i n  t h e  intervening absorb e r ,  which should not be more than 

a few percent f o r  t h e  worst case. 



-11- 

Several apparent anomalies are noticeable i n  t h e  f igures  of 

the  response data.  

face b a r r i e r  detectors  i s  apparently high with respect  t o  t h e  responses 

t o  sources of neighboring y energies.  It w a s  f e l t  t h a t  t h e  r e l a t i v e l y  

high y i e l d  624 keV conversion electrons of l3  7Cs might be: responsible 

for  t h i s  by s c a t t e r i n g  of t h e  cardboard surroundings and enter ing t h e  

back of t h e  detectors .  This would not a f f e c t  t h e  L i  d r i f t e d  detectors  

because of t h e i r  metal case backing and back dead layer  mater ia l .  The 

30011 surface b a r r i e r  detector  was t e s t e d  i n  t h e  experimental set-up, 

and w a s  found t o  give 4 t o  6 percent less response f o r  137Cs with a 

.OgO inch c i r c u l a r  absorber taped t o  i t s  back s ide than with no absorber 

behind it. 

t h i s  absorber behind t h e  detector .  This increase i n  response i s  due t o  

sca t te red  electrons generated i n  t h e  rear absorber and should be nearly 

the  same i n  magnitude f o r  t h e  6oCo as f o r  t h e  54Mn. Thus, t h e  absorber 

behind t h e  detector  i n  t h e  137Cs case must be shielding t h e  detector  

from an approximately 10 percent contribution t o  i t s  bare response due 

t o  e lectrons sca t te red  i n t o  t h e  back of t h e  detector  from the  surroun- 

dings. These electrons must be l a r g e l y  conversion electrons and not 

be ta  p a r t i c l e s  from t h e  137Cs because 6oCo has a b e t a  spectrum close t o  

t h a t  from 137Cs and s t i l l  shows the  increase t h a t  54Mn does, which has 

no be ta  component and only an ins igni f icant  conversion electron component. 

Thus, indicat ions a r e  t h a t  the  t r u e  l 3  7Cs response of t h e  surface b a r r i e r  

detectors i s  l e s s  than measured by % 10  percent f o r  t h e  30011 detector .  

A t  lower bias l e v e l s ,  t h e  137Cs response of t h e  sur- 

Both 6oCo and 54Mn gave % 5 percent grea te r  response with 
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The l a r g e s t  anomaly i s . p r e s e n t  i n  t h e  L i  d r i f t e d  detector  re-  

sponses. A t  a l l  y energies and bias l e v e l s ,  t h e  1, 2 ,  and 3 mm detectors  

exhibit  response e f f ic ienc ies  of inverse order t o  t h e i r  s t a t e d  depletion 

depths. 

t h e  "3 mm" detector  t h e  l e a s t .  To invest igate  t h i s  e f f e c t ,  capacitance 

versus voltage measurements were performed on t h e  detectors .  The r e s u l t s  

That i s ,  of t h e  three ,  the  "1 mm" detector  i s  most e f f i c i e n t  and 

are  shown i n  Figures 6 and 7 f o r  t h e  surface b a r r i e r  and l i thium d r i f t e d  

detectors .  With increasing voltage,  t h e  capacitance decreases as t h e  

depletion depth increases.  The capacitance values eventually l e v e l  out 

t o  t h a t  of the  f u l l  depletion depth plus s t r a y  capacitance. The l a t t e r  

prevent any absolute conclusions about depletion depth , however I) f o r  t h e  

same types of mounted detectors ,  capacitance serves f o r  v a l i d  comparison 

of depletion depth. The measured capacitance values occur i n  t h e  same 

order as t h e  measured y e f f i c i e n c i e s .  P a r t i c u l a r l y  evident i s  t h e  abnor- 

mality of t h e  " 3  mm" detector .  Both i t s  high capacitance value and i t s  

slow change with voltage dis t inguish it from t h e  others .  This s t rongly 

suggests t h a t  t h e  manufacturer's s t a t e d  depletion depths a r e  not being 

obtained f o r  some of t h e  L i  d r i f t e d  detectors .  The capacitance measure- 

ments cannot be used t o  determine t h e  ac tua l  d r i f t  depths i n  t h i s  case 

because of s tay  capacity but the r e l a t i v e  dr i f t  depths should be cor rec t ,  

To f u r t h e r  check t h i s  p o s s i b i l i t y ,  gamma response measurements were made 

on Battelle-owned detectors  of s t a t e d  d r i f t  depths of 2 ,  3 and 5 mm. 

Three d i f f e r e n t  2 mm detectors  gave ' 3 7 ~ s  gamma responses quant i ta t ive ly  

close (s imilar)  t o  t h a t  of our "2 mm" detector .  

gamma response within 10 percent of our "5 mm" detector .  

A 5 mm detector  gave a 

A 3 mm detector ,  
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however, gave a response over twice as la rge  as t h a t  t h e  JPL "3 mm" detec- 

t o r .  

depth of l e s s  than 1 mm, while t h e  JPL "1 mm" detector  has a t r u e  depletion 

depth of approximately 3 mm. 

Thus, it appears t h a t  t h e  JPL "3 mm" detector  has a t r u e  depletion 

Results for  t h e  2 4 N a  response ( y ,  = 1,369 MeV, y2 = 2.754 MeV)  

a re  given both f o r  t h e  t o t a l  response at t h e  average gamma energy (2.06 MeV) 

and f o r  t h e  p a r t i a l  response due t o  t h e  2.75 MeV component. 

subtract ion of t h e  1.37 MeV component from t h e  t o t a l  response was made by 

assuming it t o  be t h e  same as t h e  6oCo response s ince t h e  differences deter- 

mined from the  response curves were l e s s  than 5 percent.  

To do t h i s ,  

A s  seen i n  Figures 1 through 5 ,  t h e  r e l a t i v e  eff ic iency of t h e  

d i f fe ren t  thickness detectors  i s  not constant over t h e  range of gamma-ray 

energy. That i s ,  t h e  r a t i o  of e f f ic iency  between any two detectors  i s  not 

necessar i ly  constant. With increasing garnma energy, the  eff ic iency of the  

surface b a r r i e r  detectors  tends t o  r i s e ,  while t h a t  of t h e  Lithium d r i f t e d  

detectors  tends t o  f a l l ,  or t o  remain constant. The apparent crossing of 

some of t h e  response curves at high energy i s  probably not r e a l ,  the  

extent of  crossing being within t h e  experimental uncertainty.  There a r e  

a t  least two fac tors  which might contribute t o  cause t h i s  s i t u a t i o n .  F i r s t ,  

f o r  the  thinner  surface b a r r i e r  de tec tors ,  as gamma energy increases ,  an 

increasing f r a c t i o n  of t h e  response should be due t o  Compton electrons 

generated i n  the  absorber. A s  an example, f o r  2 4 N a ,  t h e  3 0 0 ~  suPface b a r r i e r  

detector  has almost twenty times i t s  own thickness of aluminum absorber 

placed i n  f ront  of it. For t h e  5 mm L i  d r i f t e d  de tec tor ,  however, t h i s  

absorber thickness i s  roughly equal t o  t h e  detector  thickness.  The r e l a t i v e  
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contr ibut ion of t h e  absorber generated Compton electrons t o  t h e  t o t a l  mea- 

sured response i s  thus much grea te r  f o r  t h e  t h i n  detector  than f o r  t h e  

th i ck  one. Secondly, t he re  i s  grea te r  e lectron s c a t t e r  i n t o  t h e  backs of 

t he  surface b a r r i e r  detectors  than i n t o  t h e  L i  d r i f t e d  de tec tors ,  

a high energy b e t a  (100 percent y i e l d ,  1.39 MeV maximum) which might con- 

t r i b u t e  s ign i f i can t ly  by t h i s  means. 

2 4 N a  has 

Error l i m i t s  on t h e  absolute values a re  indicated on various of 

t he  poin ts  i n  Figures 1 through 5. These were assigned on t h e  basis of 

independent contr ibut ion from th ree  sources: s t a t i s t i c a l  e r r o r  i n  count 

r a t e ;  source t o  detector  dis tance measuring e r ro r ;  and source s t rength 

uncertainty.  Source s t rength and dis tance uncertainty each were assigned 

a value of 3 percent contr ibut ion t o  count r a t e  uncertainty.  I n  some 

cases,  t h e  standard deviation of t h e  count was the  dominant uncertainty,  

In  most cases,  however, it was equal t o  or  l e s s  than t h e  other two fac- 

t o r s .  The combination of f ac to r s  gave an uncertainty of 4 t o  6 percent 

fo r  t he  magority of t h e  data  points  with a few of t h e  worst cases being 

as high as 1 4  t o  16  percent.  

same source, t h e  dis tance and source s t rength uncer ta in t ies  cancel out .  

When comparing t h e  sane detector  with d i f f e ren t  sources,  most of t h e  

dis tance uncertafnty drops out.  

When comparing d i f f e ren t  b iases  with the 
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11, NEUTRON RESPONSE OF S i  SOLID STATE DETECTORS 

I n i t i a l  at tempts were aimed at obtaining neutron responses f o r  

six neutron energies between 0,2 MeV and 5 MeV. 

through T(p ,n) ,  C(D,n) and D(D,n) reac t ions  i n  B a t t e l l e ' s  Van de Graaff 

acce lera tor .  

tons or  deuterons incident on t h e  t a r g e t  mater ia l  gave r i s e  t o  a spectrum 

of neutron energies which a re  angularly correlated.  

used t o  monitor f lux .  

beam tube and a dis tance of 100 cm from t h e  t a r g e t .  The detector  was 

placed at a negative angle,  8, t o  t h e  beam tube such as t o  be exposed t o  

neutrons of t he  desired energy from a given reac t ion .  Known parameters 

r e l a t e  t h e  long counter count with t h e  flux on t h e  detector  f o r  a given 

dis tance,  angle e ,  and t a r g e t  react ion.  

The neutrons were obtained 

The experimental arrangement w a s  as shown i n  Figure 8. Pro- 

A long counter'3) was 

It was maintained a t  a pos i t i ve  angle of 45' t o  t h e  

It was known t h a t  of t h e  th ree  reac t ions  used, only t h e  T(p,n) 

reac t ion  gives a reasonably small associated gamma-ray y i e ld ,  It soon 

became apparent t h a t  t h e  various detector  responses were at l e a s t  two orders 

of magnitude sma9ler f o r  t he  neutrons than f o r  $ m a - r a y s  of comparable 

energies.  This presents  obvious problems of shielding the  detectors  from 

t h e  gamma-rays. Ef for t s  were thus concentrated upon obtaining a-esulits 

f o r  neutron energies of 0.20 MeV, 0.56 MeV and 0.73 MeV; a l l  of  which 

were obtainable throukh the  T(p,n) reac t ion ,  
Q 

The tritium t a r g e t  used f o r  these  exposures was  t h i ck  enough t o  

s h i f t  t he  average energy of t h e  neutrons produced down i n  energy by 100 

t o  l5O keV. Thus, t h e  r e s u l t s  labeled 0.73 MeV a r e  due t o  neutrons with 

, 
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an average energy of about 0.60 MeV, which i s  close t o  the resonance i n  

the  s i l i c o n  cross sect ion.  The r e s u l t s  f o r  0.20 MeV neutrons a r e  an 

average over t h e  region from 50 keV t o  200 keV where t h e  s i l i c o n  cross 

sect ion has an anti-resonance. 

I n i t i a l  r e s u l t s  showed t h a t  even w i t h  t h e  T(p,n) reac t ion ,  a 

previously unsuspected high background was contributing t o  t h e  detector  

responses. 

the  t a r g e t  a t  each of t h e  three  energies.  The r e s u l t s  showed a r e l a t i v e l y  

constant background contribution t o  the detector  responses. A t  a detector  

distance of 40 cm from t h e  t a r g e t ,  t h i s  background term amounts t o  30 t o  

50 percent of t h e  t o t a l  response of a detector ,  depending on the  particu- 

l a r  neutron energy and bias l e v e l .  The percentage contribution i s  apparently 

r e l a t i v e l y  independent of t h e  p a r t i c u l a r  detector .  The source and nature 

of t h i s  background is  not adequately known a t  t h i s  time. I% i s  most l i k e l y  

composed of gamma and thermal neutrons sca t te red  i n  t h e  room. 

obtained a r e  shown i n  Table 3 and displayed f o r  two b ias  leve ls  i n  Figures 

9 and 10, For each energy and b i a s  l e v e l ,  background correct ion was made 

by subtract ing t h e  constant term determined by the  inverse square runs 

made with t h e  5 0 0 ~  surface b a r r i e r  detector .  Inverse square runs made 

with a t i s s u e  equivalent proportional. counter show tha t  t h e  background due 

t o  sca t te red  fast  neutrons i s  i n s i g n i f i c a n t .  The uncertainty of these 

r e s u l t s ,  due t o  t h e  count s t a t i s t i c s  of the  bas ic  and correct ional  terms 

i s  i n  t h e  range of 10 t o  20 percent f o r  most of t h e  data  poin ts ,  Methods 

a re  being proposed t o  determine both t h e  source and nature of t h e  back- 

ground contr ibut ion,  and the  f r a c t i o n a l  contribution of d i r e c t  t a r g e t  

gamma-rays t o  t h e  responses here reported.  

Inverse square runs were made at 4-5 d i f f e r e n t  distances from 

Results 
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A s  seen i n  Figure 9 and 10, t he re  i s  a d e f i n i t e  r i se  i n  t h e  re-  

sponse of a l l  t h e  detectors  at 0.73 MeV. This i s  f e l t  t o  be probably due 

t o  t h e  resonance i n  the  s i l i c o n  neutron cross  sec t ion  Jus t  below 0,73 MeV. 

If t h i s  i s  so ,  then t h e  reported responses a r e  l a rge ly  t r u e  neutron 

responses. 

The values shown i n  Figures 9 and 10 r e s u l t  from Snterpret ing 

a l l  observed counts as neutron events,  and dividing by t h e  known neutron 

f lux .  These values a re  roughly two orders of magnitude below the response 

t o  similar energy gamma-rays, ind ica t ing  t h a t  t he  neutron response is a t  

l e a s t  t h a t  small, and perhaps smaller ,  For such low neutron reqponse, it 

must be expected t h a t  some f r ac t ion  of t h e  observed counts may be due t o  

gamma-rays (which a re  unavoidably associated with any neutron f i e l d s  1 ., 

The background which was subtracted off  has subsequently been 

found t o  be nearly a l l  due t o  gamma, however, even t h e  inverse square com- 

ponent of t h e  r ad ia t ion  from t h e  t a r g e t  must include some gamma-ray flux. 

Under these  circumstances of low neutron response and non-zero gamma 

f lux ,  it i s  not possible  t o  fu r the r  i den t i fy  what port ion of t h e  observed 

response i s  t r u l y  due t o  neutrons. The present values must be used as 

upper l i m i t s  t o  t h e  possible  neutron response. 

Further work w i l l  be necessary t o  obtain b e t t e r  values f o r  t h e  

response or t o  push t h e  l i m i t s  lower. Some experiments have been proposed 

t o  fu r the r  i den t i fy  t h e  components of t h e  inverse square port ion of t h e  

observed counts. These should shed fu r the r  l i g h t  on t h e  n a t w e  of t h e  

t a r g e t  r ad ia t ion .  

t o  time-of-flight techniques, 

Beyond t h a t ,  it w i l l  probably be necessary t o  r e so r t  
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Unt i l  further work i s  done, t h e  present values a re  a f i r m  upper 

l i m i t  t o  the '  possible  neutron response of the s i l i c o n  detectors  
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111. CHAN'NEL ELECTRON MULTIPLIER - TYPE CEM-4010 

The response of t h e  channeltron w a s  t o  be measured as a function 

of incident photon energy. 

spent i n  attempting t o  achieve proper operation of t h i s  device, t h a t  goal 

w a s  not met. 

glass  enclosure t o  f a c i l i t a t e  the response measurements. It may be pos- 

s i b l e  t h a t  the devices were damaged somehow during t h e  process of enclo- 

s ing them. 

Although a considerable amount of e f f o r t  w a s  

The channeltrons were purchased as specif ied i n  a spec ia l  

After receiving t h e  channeltrons from t h e  vendor,* they were 

mounted on a spec ia l  holder w i t h  the  necessary r e s i s t o r s  i n  t h e  high vol- 

tage  c i r c u i t .  A sharp s ingle  pulse w a s  observed d i r e c t l y  from t h e  CEM a t  

voltage between 2500 and 2600 v o l t s ,  f a r  below t h e  sa tura t ion  voltage.  

When the  voltage w a s  increased, a s e r i e s  of a f t e r  pulses appeared. The 

number of a f t e r  pulses seemed t o  increase as t h e  high voltage increased 

and t h e  sa tura t ion  mode of operation could not be reached. This problem 

could have been due t o  outgassing i n  t h e  sealed g lass  enclosure, so  a 

vacuum valve and ion gauge were attached t o  t h e  enclosure t o  permit 

pos i t ive  control  of t h e  pressure inside t h e  enclosure. 

With t h e  control led vacuw,noise pulses produced by t h e  CEM 

were reduced t o  e s s e n t i a l l y  zero. Posi t ive counting of photons from 

several  sources including 6oCo, 54Mn, and 24Na w a s  obtained. 

of t h e  channeltron a t  0.84 MeV, 1 .25  MeV and 2.0 MeV ( t h e  average of t h e  

S e n s i t i v i t y  

* Bendix Corporation, Electro-optics Division. 
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N a  photons)varied from 1 . 4  x t o  2.8 x counts per gamma per  24 

square centimeter f o r  a high voltage of 3000 v o l t s  and shaping time con- 

s t a n t s  i n  t h e  l i n e a r  amplif ier  from 0 . 4 ~ ' s  t o  3 . 2 ~ ' s .  

necessary t o  provide proper s igna ls  t o  t h e  multichannel analyzer used. 

The s igna ls  f r o m t h e  CEM s t i l l  consis ted of a pulse t r a i n  and d id  not 

approach sa tura t ion  operation with t h e  high vol tage as high as 4000 v o l t s  

and t h e  pressure as low as 3 x 10  mm Hg. Thus, these  p a r t i c u l a r  devices 

The shaping is 

-6 

do not seem t o  operate properly a t  any a t t a inab le  voltage and pressure.  

No confidence can be placed on t h e  data obtained even through t h e  sen- 

s i t i v i t i e s  measured may be reasonable. 

-4 This pa r t i cu la r  CEM should operate a t  pressures below 1 x 10  

mm Hg. Our measurements of t h e  s e n s i t i v i t y  were taken a t  1 x mm Hg. 

The r e s u l t s  fo r  one s e r i e s  of gain measurements taken with a 'OCo source 

a re  shown i n  Figure 11. A s  t h e  voltage i s  increased, t h e  number of 

observed events a l s o  increases and so  a l s o  does t h e  gain increase.  A t  

3800 v o l t s ,  t h e  number of events observed i s  almost t he  same as t h e  

number of events observed at 4000 v o l t s .  

should be reached a t  a voltage of about 3000 v o l t s .  

From work of Evans2 sa tu ra t ion  
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I V .  G-M COUNTER RESPONSE MEASUREMENTS 

Gamma response and sh ie ld ing  experiments were conducted with 

Shields of depleted uranium which had been 

A series of cy l ind r i ca l  

t h e  type 6213 geiger tube ,  

prepared proved t o  be too  radioact ive t o  use. 

Pb sh ie lds  ( 2  inches long and varying thicknesses)  were made f o r  use 

instead.  Low gamma source a c t i v i t i e s  and t h e  low y ef f ic iency  of t h e  

geiger tube necessi ta ted a shor t  source-to-detector dis tance of Q 5 

em. Gamma r ad ia t ion  w a s  incident  on t h e  de tec tor  normal t o  i t s  cylin- 

d r i c a l  ax i s .  

decreased as absorber thickness increased. 

Background w a s  % 1 count/min f o r  t h e  bare de tec tor  and 

Response measurements were conducted with t h e  same set of pho- 

t o n  sources used f o r  t h e  s i l i c o n  de tec tor  measurements discussed e a r l i e r  

as a function of shielding thickness .  

0.020", 0.030'!, 0.050", 0.075", 0.150", 0.300" and 0.450". 

a re  summarized i n  Table 5 fo r  a l l  exposures. 

supplied by the  vendor l i s t e d  t h e  response of t h e  6213 fo r  137Cs, 54Mn, 

and 6oCo i n  t h e  proportion of 1/1.3/1.6. The measurements compare fav- 

orably with a r e l a t i v e  response r a t i o  of 1/1.3/1.8. These r a t i o s  would 

be expected t o  be somewhat higher due t o  the  side incidence of t h e  pho- 

tons.  

penetrat ing t h e  s ides  of t h e  G-M tube.  The response measurements with 

137Cs, 54Mn, and 6oCo all show an i n i t i a l  r ise as t h e  f irst  sec t ion  of 

lead  shielding i s  added then a steady drop as addi t iona l  sh ie ld ing  i s  

added. This build-up is  expected due t o  secondaries generated i n  t h e  

Lead thicknesses used were 0.010", 

These data 

The information sheet  

The higher energy photons h a v e a s l i g h t l y  higher probabi l i ty  of 
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24 lead.  

hand, show a.very sharp drop as the  f irst  thickness of lead i s  added. 

This indicates  the  presence of a low energy component which i s  shielded 

by the  0.010" and th icker  amounts of lead. 

The response measurements for  both 203Hg and N a ,  on t h e  other 

A count r a t e  versus high voltage function w a s  experimentally 

determined and t h e  plateau seemed qui te  reasonable. An operating vol- 

tage of 550 v o l t s  as recommended by t h e  manufacturer was chosen as the  

bes t  point t o  make f u r t h e r  measurements. The plateau i s  shown i n  Figure 

12,  and t h e  shielding measurements i n  Figure 13. 

Measurements of the  G-I\I counter 's  s e n s i t i v i t y  t o  neutron radi- 

a t ion  were made a t  0.73 MeV, 0.56 MeV, and 0.20 MeV, t h e  same energies 

used f o r  t h e  data obtained w i t h  the  s i l i c o n  detectors .  After correct ing 

for t h e  room background, the  s e n s i t i v i t i e s  measured were: 

2.2 x 

1 . 4  x loe5 counts per neutron per cm2 at 0.56 MeV, and 

2.0 x 10-5 counts per neutron per cm2 at' 0.20 M ~ V .  

counts per neutron per cm2 at 0.73 MeV, 

S t a t i s t i c a l  uncer ta in t ies  i n  these measurements are about - + 15 percent 

a f t e r  making t h e  background correct ion.  The G-M counter data showed a 

much smaller room background contribution than d i d  t h e  s i l i c o n  detec- 

t o r  data. These measured neutron s e n s i t i v i t i e s  represent an upper 

l i m i t  t o  the  t r u e  value because o f ' t h e  gamma contamination of t h e  

neutron beam. 
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In  general, t h e  posi t ion e r rors  for a l l  t h e  G-M counter mea- 

surements should be no more than 2 2 percent. 

- + 3 percent or l e s s  i n  a l l  cases except where an excessive length of 

time would be required,  The uncer ta in t ies  in.  t h e  ca l ibra ted  sources 

are quoted by IAEA as 1 .0  percent or l e s s  except for t h e  137 cs source 

which i s  2 1.8 percent. 

Counting s t a t i s t i c s  were 



TABLE 1 

y-RESPONSE - EFFECT OF DIFFERENT ABSORBERS 

Old metal box arrangements. 

Absorbers 2-1/2" x 3-1/2" placed 2, 1/2" i n  f ron t  of de t ec to r .  

Results given for: MrdE 100 @ 53 keV; MrdE 300 @! 50 keV; 

MrdE 500 @ 50 keV; NE200-2 @! 52 keV; NE200-5 @! 51 keV. 

c oun t / y / cm2 

Source Absorber 

137cs ,040" A1 

137cs .060" c 

137Cs .080" Lexan 

l37CS .oog" Pb 

54Mn ,046" A 1  

54Mn .080" C 

5 4 b  ,110'' Lexan 

54Mn ,012" Pb 

6oCo .086" A1 

6oCo .150" C 

6oCo .l90" Lexan 

6oCo ,021" Pb 

24Na .240" A1 

24Na .380" C 

2 4 N a  ,480" Lex 

2 4 N a  ,058" Pb 

MrdE 
100 

,022 

,021 

.023 

.023 

I_ 

,009 

,010 

.010 

.010 

.011 

a 011 

.012 

.010 

.036 

.032 

.035 

.036 

MrdE 
300 

.039 

,041 

,044 

.Ob3 

- 

.025 

.024 

0.23 

.023 

,030 

.033 

,032 

,027 

,065 

.064 

.068 

.062 

Mr dE 
- 500 

.052 

.050 

.054 

eo55 

.036 

,039 

.Ob1 

.038 

.044 

.048 

.Ob7 

.Ob1 

082 

.082 

.085 

.078 

NE200 
2 

097 

.094 

.096 

.094 

.088 

.089 

.089 

.087 

.088 

.086 

.092 

.084 

,094 

.096 

,093 

,090 

NE200 
5 

177 

,176 

.172 

.172 

.166 

.167 

.167 

.166 

,156 

,161 

.160 

.154 

-153 

.155 

,154 

e 147 
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TABLE 2 

DETECTOR EFFICIENCY (comts /y /  c m 2 )  

150 
eff 75 ef 100 eff 

50 
eff - Detect or 

'03,g .ogo" A1 

M r d E  100 

MrdE 300 

MrdE 500 

NE200-1 

NE200-2 

NE200-3 

N E ~ O  0 - 5 
MrdE 1000 

137Cs .OgO" A1 

,014 
.017 

.032 

.152 

097 
.048 

,149 

.0076 

.010 

.020 

,085 
.062 

.096 

.030 

.036 

,0039 

.(I064 ,0011 

,012 ,0014 

.054 .0076 

.Ob0 ,0063 
,020 ,0028 

0059 .010 
.023 ,0029 

MrdE 100 .01g .013 ,0084 ,0034 

MrdE 300 ,021 .017 ,014 .0094 

MrdE 500 .038 ,030 .023 .0160 

NE200-1 .122 . io7  ,093 ,074 

NE200-2 .og1 .078 ,068 .054 

NE 20 0 - 3 .048 .Ob0 .035 .027 

~ ~ 2 0  0 - 5 .154 .133 .116 .og2 

MrdE 1000 

54Mn .ago" A1 

M r d E  100 .012 

MrdE 300 .020 

MrdE 500 .030 

NE200-1 

NE200-2 .089 
NE200-3 ,052 

~ ~ 2 0 0 - 5  ,152 

MrdE 1000 

.051 .Oh1 

. ooga 

.015 

.025 

.110 

.078 

.044 

.134 

.Oh9 

0063 

,012 

.021 

.096 

,070 

.039 

.120 

,043 

029 

.0023 

.010 

.016 

* 079 

*059 

.032 

099 

.033 

eff200 

.0006 

.0003 

.0018 

.0014 

.OODi 
,004 

,00053 

,0015 

,0063 

,060 

.0114 

,044 

.022 

.067 

.022 

,0013 

,0071 

,012 

.068 

.026 

.082 

.028 

.050 

- continued 
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TABLE 2 ( cont Id)  

75 e f f l O O  150 eff200 eff eff - 50 
eff Detect or 

6oCo .OgO" A1 

MrdE 100 

MrdE 300 

MrdE 500 

NE200-1 

NE200-2 

NE200-3 

~ ~ 2 0  0 - 5 
MrdE 1000 

.015 .010 

.024 .020 

.038 .032 

. l o 4  
.008 * 079 
.052 .Ob7 
.142 ,131 

e 053 

24Na Ey = 2.75 MeV .220" A1 

MrdE 30 .o 
MrdE 100 ,028 .017 

MrdE 300 .066 * 059 

MrdE 1000 ,081 
MrdE 500 ,085 ,072 

NE200-1 077 

NE200-2. ,076 .074 

NE200-3 .056 .054 

NE200-4 122 .116 

= 2.06 MeV yaverage 24Na E 

MrdE 

MrdE 100 

MrdE 300 

MrdE 500 

MrdE 1000 

NE200-1 

NE200-2 

NE20 0 -3 

RE 20 0 - 5 

.0043 

,021 

.Ob5 
,061 

.097 

,082 

.054 

,132 

.0024 

.013 

.039 

.052 

.066 

.ogo 

.076 

.051 

,124 

.0069 

.028 

.017 

,094 

,672 

e 043 

,121 

,048 

,011 

,047 

,063 

.076 

,072 

.074 

,053 

,112 

.0011 

.oog 

.032 

.Ob5 

.060 

.085 

072 

,048 

a 117 

,0035 

.012 

.021 

,082 

. o 62 

. i o6  
,037 

.039 

.0054 

.028 

,063 
.072 

.069 

. 049 

. 049 

,106 

.0003 

.004 

.01g 

.035 

.050 

.065 

077 

.Ob3 

. lo7  

.0019 

.oog 

,017 

,073 

.056 

,032 

.093 

.033 

.002 0 

,020 

.034 

a055 

,067 

,064 

,046 

. io1 

,002 

,013 

.025 

.0b3 

.070 

060 

,039 

.097 
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Detect or 

MrdE 100 

MrdE 300 
MrdE 500 
MrdE 1000 

NE200-1 

NE200-2 

NE200-3 
~ ~ 2 0 0 - 5  

M r d E  100 

MrdE 300 
MrdE 500 
MrdE 1000 

NE200-1 

NE200-2 

NE20 0 - 3 

~ ~ 2 0 0 - 5  

MrdE 100 

MrdE 300 

MrdE 500 
MrdE 1000 

NE200 -1 

NE200-2 

NE200-3 
~ ~ 2 0 0 - 5  

TABLE 3 

S i  SOLID STATE DETECTORS - NEUTRON RESPONSE 

BKGD subtracted on basis of constant term arrived at from 

L.C. @ + 45O, 100 em: &tectors @ - 45O, 40 cm. 

inverse square runs. 

Counts/n/cm2 x i o 4  

neutron E 

0.20 MeV 

0.20 MeV 

0.20 MeV 

0.20 MeV 

0.20 MeV 

0.20 MeV 

0.20 MeV 

0.20 MeV 

0.56 MeV 

0.56 MeV 

0.56 MeV 

0.56 MeV 

0.56 MeV 

0.56 MeV 

0.56 MeV 

0.56 MeV 

0.73 MeV 

0.73 MeV 

0.73 MeV 

0.73 MeV 

0.73 MeV 

0.73 MeV 

0.73 MeV 

0.73 MeV 

200 keV 
B i a s  

0.52 
1.15 
3.93 
5.36 
4.81 
4.30 
6.62 

0.07 
0.50 
0.67 
3.60 
4.94 
4.59 

6.15 

0.11 

0.57 

3.51 

1 . 5 1  
4.19 
5.59 
4.95 

6.82 
4.09 

150 keV 
Bias 

0 .og 
0.88 

4.66 
6.26 
5.61 

7.86 

0.17 
0.86 

4.35 
5.85 
5.38 
4.06 
7.34 

1.95 

4.90 

1.31 

0.23 

0 099 
2.55 
5-07 
6.66 
5.87 
4.72 
8.17 

100 keV 
Bias 

0.52 
1.76 
3.68 
5 *90 
7.80 

5.85 
7.04 

10.04 

0.42 
1.53 
2.82 
5.17 
6.88 
6.17 
4.52 
8.69 

0.55 
1.89 
4.69 
6.49 
8.27 

5.56 
7.27 

10 39 

75 keV 
Bias 

0.81 

3.78 
6.02 
8.01 
7.21 
5.65 

2.52 

10.53 

0.66 
2.32 

3.25 
5.82 
7.81 
6.92 
4.89 

9 -99 

1.00 

3.28 
5.26 
8.30 

10.68 
11 a 28 

6.88 
13.80 

50 keV 
B i a s  

3.15 
4.98 
6.29 
8.30 
7.47 
5.56 

3.24 
3.63 
6.96 
9.73 
8.47 
5.67 

4.52 
6.12 

11.18 

15 59 

9.06 
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TABLE 4 

DETECTOR RESOLUTION 

Detect or 
Number 

MrdE 30 

MrdE 100 

MrdE 300 

MrdE 500 

MrdE 1000 

NE 200-1 

NE 200-2 

NE 200-3 

NE 200-5 

Resolution 
(m) 

24.0 keV 

22.0 keV 

18.2 keV 

18.3 keV 

17.5 keV 

32.5 keV 

30 0 keV 

28.4 keV 

21.3 keV 
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V .  NEUTRON SPECTROMETER SYSTEM 

The s c i n t i l l a t i o n  neutron spectrometer system w a s  supplied by 

JPL with t h e  exception of some addi t iona l  components such as DDL amplif ier ,  

multichannel analyzer,  p r i n t e r ,  and a p l o t t e r  which were BNW supplied.  

The main components were ORTEC equipment, and they were connected and 

operated according t o  t h e  manufacturer's block diagram. The appendix 

contains a block diagram of t h e  complete system, together with t h e  control  

s e t t i ngs  as used for these measurements. 

Two s c i n t i l l a t o r s  were measured; one w a s  2.0 inch diameter by 

0 . 4  inch th i ck  NE-213 i n  one of t h e  manufacturer's standard c e l l s .  The 

other w a s  1 . 5  inch diameter by 0.4 inch th i ck .  

were sometimes i d e n t i f i e d  as JPL No. 1 and JPL No. 2,  respect ively.  Each 

s c i n t i l l a t o r  w a s  mounted i n  tu rn  on the  same P.M. tube.  

For our own purposes, these 

The 2-inch diameter s c i n t i l l a t o r  contained a small bubble a few 

mn i n  diameter. Although undesirable,  t h i s  bubble could not be el iminated? 

but it w a s  believed t o  cause negl igible  e f f e c t  on the  measurements. 

The scinti l lator-P.M. tube assembly w a s  always operated with 

i t s  axis hor izonta l ,  which meant t h a t  t he  c i r cu la r  plane of t he  s c i n t i l -  

l a t o r  w a s  v e r t i c a l .  Measurements were made with neutrons incident  both 

along t h e  axis (normally t o  t h e  plane of t h e  s c i n t i l l a t o r )  and perpendi- 

cular  t o  t he  axis ( incident  on the  cy l ind r i ca l  s ide  of the  s c i n t i l l a t o r ) .  

The measurements were car r ied  out with the  geometry shown i n  

Table 6 l i s t s  the operating Figure 8. parameters f o r  t he  various runs.  
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Shown are t h e  neutron energy, t a r g e t  reac t ion  and incident p a r t i c l e  energy 

used, t he  posi t ion of detector  and neutron f lux monitor, and t h e  gain set- 

t i ngs  with the  r e su l t an t  pulse height resolut ion with which t h e  data  w a s  

ac quired . 

Calibrat ion 

The pulse height sca le  fo r  t h e  system w a s  cal ibrated by means of 

the  Compton-edge electrons from the  cesium-137 y-ray (Ey 

Ec = 477.3 keV) . 
= 661.6 keV, 

4 Following Flynn and Moore5, t he  point  a t  t he  ha l f  

height of t h e  137Cs spec t ra  w a s  assigned a value of E x 1.04, or 496.4 keV. 
C 

The l i n e a r i t y  and channel zero s e t t i n g  were checked by means of 

a precis ion pulser ,  and both were always within one channel of t h e  256 

channel group s i z e  used. The pulser w a s  connected t o  the  amplifier i n  

place of t h e  l i n e a r  output from t h e  P.M. tube base,  and thus only the  

l i n e a r i t y  of t he  amplifier and multichannel analyzer w a s  checked. Line- 

a r i t y  of t h e  P.M. tube gain and tube base preamp w a s  presumed from t h e  

in t eg r i ty  of the  manufacturer. 

The ca l ibra t ion  fac tor  (keV/channel) fo r  t h e  two s c i n t i l l a t o r s  

w a s  not equal. Primarily t h i s  i s  believed due t o  d i f f e ren t  l i g h t  col lec-  

t i o n  e f f ic iency  ( t h e  2-inch diameter s c i n t i l l a t o r  had a glass  window lar-  

ger than the  photocathode of t h e  P.M. tube) .  However, t h e  two s c i n t i l l a -  

t o r s  were manufactured at d i f fe ren t  t i m e s ,  and there  i s  possibly some 

addi t ional  difference i n  t h e  s c i n t i l l a t o r  material. There i s  a l s o  a d i f -  

ference i n  reso lu t ion  fo r  t he  two s c i n t i l l a t o r s .  For t h e  2-inch diameter 

s c i n t i l l a t o r ,  t he  reso lu t ion  w a s  1 4  t o  1 5  percent,  and fo r  t he  1.5-inch 

diameter about 12 percent.  A s  may be infer red  from the  las t  columns of  
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Table 6 ,  t h e  l i g h t  eff ic iency f o r  t h e  2-inch diameter s c i n t i l l a t o r  i s  about 

18 percent Less than t h a t  of t h e  1.5-inch diameter. 

The pulse height sca le  used here i s  expressed i n  u n i t s  of keV 

electrons equivalent.  It i s  a t r u l y  l i n e a r  s c a l e ,  even though t h e  res- 

ponse of s c i n t i l l a t o r s  t o  electrons may be somewhat non-linear. 4 3 6  

Lineari ty  with respect  t o  l i g h t  output is  assured by t h e  nature of t h e  

system. Calibration i n  terms of l i g h t  output from electrons a t  one energy 

provides a convenient sca le  which i s  independent of l i g h t  co l lec t ion  e f f i -  

ciency. When comparisons a r e  made of data  obtained by d i f f e r e n t  workers 

(using sca les  ca l ibra ted  by d i f fe ren t  e lectron energies)  some care should 

be taken t o  assure equivalence of pulse height sca les .  For a l a r g e  body 

of work done a t  ORNL, Verbinskii and ~ o w o r k e r s ' l ) ~  used a scale  of " l igh t  

uni ts"  based on t h e  22Na y-spectrum. That un i t  i s  closely equivalent t o  

the  output from a 1 .24  MeV e lectron.  

A t y p i c a l  137Cs ca l ibra t ion  spectrum i s  shown i n  Figure 14. 

There were s l i g h t  differences i n  the  ca l ibra t ion  f a c t o r  obtained 

at d i f f e r e n t  times during t h e  period of the  run. However, s ince these 

differences were less than 2 percent i n  a l l  cases,  a s i n g l e  s e t  of aver- 

age c a l i b r a t i o n  fac tors  (consis tent  .with t h e  x 2 changes i n  gain) w a s  

used t o  give the  energy scale  f o r  t h e  runs. 

Neutr on-Gamma Discrimination 

Operation of a l i q u i d  s c i n t i l l a t o r  fast  neutron spectrometer 

system i s  e n t i r e l y  dependent on c l e a r  n,y discrimination. N c  s ign i f icant  



number of y ' s  should be counted nor,  s imi l a r ly ,  f e w  neutrons not counted. 

Operating such a system introduces some p r a c t i c a l  problems i n  making these 

measurements. F i r s t ,  t h e  timing adjustments which make t h e  n ,y  discrimin- 

a t ion  possible  a re  c r i t i c a l ,  and need t o  be checked and adjusted frequently.  

It w a s ,  f o r  example, necessary t o  use s l i g h t l y  d i f f e ren t  timing s e t t i n g s  at 

each of t h e  amplif ier  gain se t t i ngs .  Second, it i s  not possible  t o  achieve 

good n,y discrimination at t h e  lowest pulse heights  - below about 1/32 of 

f u l l  s ca l e  (some other  systems claim a 50:l dynamic range) .  

Figure 1 5  shows some t y p i c a l  n,y timing spectra .  The important 

adjustment i s  the  s e t t i n g  of t h e  t iming discriminator relative t o  t h e  two 

peaks, within nanoseconds, say. 

Estimation of t he  amount of "tail" of each peak f a l l i n g  beyond 

the  discriminator s e t t i n g  provides some measure of t h e  number of neutrons 

missed or gammas incor rec t ly  counted. Here, t h i s  amounts t o ,  at most, a 

few percent.  

3 count i n  10  would be accepted as neutrons.  For any lower s e t t i n g  of t h e  

pulse amplitude discr iminator ,  much worse reso lu t ion  between neutrons and 

gamma events resu l ted .  

Checks with t h e  137Cs spec t r a  showed t h a t  as few as one 

Neutron Flux MeasuremeRt 

The in tegra ted  neutron flux (f luence)  during each run w a s  moni- 

to red  by t h e  long ~ o u n t e r . ~  

detector  were posit ioned symmetrically with respect  t o  t h e  beam tube.  

This w a s  assumed t o  provide equal f l u x  a t  both.  Where symmetry was not 

possible ,  a correct ion for t h e  angular va r i a t ion  of t he  neutron i n t e n s i t y  

w a s  necessary. 

Whenever poss ib le ,  it and t h e  s c i n t i l l a t o r  
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The s t a b i l i t y  of the long counter e f f ic iency  was checked 

d a i l y  by means of a PuBe source inser ted  i n  the  standard pos i t ion  i n  

the  counter. 

The neutron fluence w a s  calculated from t h e  following equation: 

F = NM 2 (neutrons /cm ) 

F('neut/cm') i s  t h e  

N (counts)  i s  t h e  M 

t i m e  in tegra ted  fluence at t h e  s c i n t i l l a t o r .  

t o t a l  counts (during a run)  from t h e  long counter. 

r (em) i s  the  dis tance t o  the e f f ec t ive  center  of t he  long counter M 
r = 89.7 + 7.8 + 3.1 a En (MeV) cm M 

r (em) i s  the  dis tance t o  t h e  s c i n t i l l a t o r .  

n ( E ) ( - )  i s  t h e  e f f ic iency  of t h e  long counter as a function of energy 

S 

(Reference 3, Figure 13).  

So [ ( counts/min)/neut/cm2-sec] is t h e  s e n s i t i v i t y  f ac to r  f o r  the p a r t i -  

cu la r  BF tube used i n  t h e  long counter. S = 209 ( the  f ac to r  3 0 

60 converts from cts/min t o  c t s / s e c ) .  

R @ ( - )  i s  an angular correct ion f ac to r  which d i f f e r s  from uni ty  only 

when the  s c i n t i l l a t o r  and long counter were not symmetrically 

posit ioned. Measured values were used. 

Data Acquisit ion 

All the  da ta  were recorded as d i f f e r e n t i a l  pulse height  spec t ra .  

A t  each neutron energy and s c i n t i l l a t o r  o r i en ta t ion ,  spec t ra  were accumu- 

lated f o r  a preset  number of monitor counts, Each spectrum was pr in ted  
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out i n  d i g i t a l  form as wel l  as p lo t t ed  (usua l ly  on a logarithmic s c a l e )  by 

a f a s t  p l o t t e r .  

Occasionally between neutron runs, 137Cs spec t ra  were taken t o  

ve r i fy  gain ca l ib ra t ion ;  and t h e  t iming spectrum using a F'uBe neutron 

source w a s  a l so  taken t o  check on t h e  se t t i ngs  of t h e  n,y discrimination. 

The discriminator s e t t i n g ,  separat ing t h e  n,y events,  was t h e  most c r i t i -  

c a l  s ince  gain changes and warm-up caused changes i n  the  timing spectra .  

Some t y p i c a l  spec t ra  a re  shown i n  Figure &and the spec t ra  from 

a l l  runs a re  ava i lab le .  

S c i n t i l l a t o r  Response t o  Protons 

The l i g h t  output of NE-213 as a function of charged p a r t i c l e  

energy has been extensively s tudied before.  Such information, f o r  protons,  

i s  inherent i n  t h e  present data; and it i s  worth considering as a check on 

i n t e r n a l  consistency of t h e  da ta  f o r  t h e  two s c i n t i l l a t o r s  as  wel l  as with 

e a r l i e r  work. 

The pulse height vs .  maximum proton r e c o i l  energy i s  shown i n  

Figure 17. The da ta  points  a r e  from t h e  present da ta  based on an a r b i t r a r y  

de f in i t i on  of m a x i m u m  pulse height .  

t i a l l y  no plateau,  a half-height-edge t o  t h e  spec t ra  i s  impossible t o  

def ine w e l l .  Ins tead,  t he  end point  of each spec t ra  i s  used - defined as 

t h e  channel a t  which t h e  spec t ra  drops t o  1/100 of the  l e v e l  it has a t  

about one/half t h e  maximum channel. 

height may be expected t o  be higher than from other  def in i t ions  due t o  

reso lu t ion  smearing. 

Because the  present spec t ra  have essen- 

Define t h i s  way, t he  maximum pulse 
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The data  points  shown i n  Figure 17 include a l l  runs f o r  both 

s c i n t i l l a t o r s  and both or ien ta t ions .  Agreement a t  each energy i s  qu i t e  

good, ind ica t ing  a consis tent  pulse height sca le  fo r  both s c i n t i l l a t o r s ,  

i n  s p i t e  of t h e i r  differences i n  l i g h t  eff ic iency.  

E', has been f i t t e d  t o  the  data poin ts ,  and i s  shown. 

exponent w a s  y = 1 . 4 5 ,  compared t o  a 1 . 5  which some workers have indi-  

cated t o  be a good approximation f o r  t h i s  range of proton energy. 

h 

A power l a w  curve, 

The b e s t  f i t t i n g  

Verbinskit and coworkers a t  ORNL have used a " l igh t  tab le"  

fo r  protons which has good i n t e r n a l  consistency ( 2  percent)  within t h e i r  

Monte Carlo ca lcu la t ions  and experiments. Converted from t h e i r  " l i gh t  

un i t "  s ca l e  t o  e lec t ron  equivalent energy, t h e i r  curve i s  a l s o  p lo t t ed  

i n  Figure 17. The present da ta  f a l l s  5 t o  10 percent above t h e  OHNL 

curve - which i s  about what one would expect from t h e  present def in i t ion  

of pulse height and t h e  12  t o  14 percent reso lu t ion .  

sca le  here  used i s  consis tent  with other  measurements and supports t h e  

accuracy of t h e  assignment of t h e  b i a s  l eve l s .  

Thus, t h e  l i g h t  

Treatment of t h e  Data 

The d i f f e r e n t i a l  pulse height  spec t ra  f o r  a l l  runs were punched 

i n t o  cards and used f o r  input t o  a simple computer program which integra-  

t e d  each above t h e  severa l  se lec ted  b i a s  l eve l s .  The channels a t  which 

t o  s tar t  the  in t eg ra t ion  were calculated from t h e  reso lu t ion  (keV/channel) 

f o r  each run as l i s t e d  i n  Table 6. 

was made. That i s ,  i f  t h e  ca lcu la ted  bias l e v e l  f e l l  within a channel, 

In te rpola t ion  t o  1/10 of a channel 



an appropriate f r ac t ion  of t h e  counts within t h a t  channel w a s  included i n  

t h e  in tegra t ion .  

The in tegra ted  counts fo r  each bias l e v e l  and run were divided 

by t h e  appropriate value of fluence f o r  t h e  run t o  convert each t o  an 

e f f ic iency  value.  

Results 

The measured response as a f’unction of neutrons energy is  shown 

i n  Figures 18 through 2 1  for  both s c i n t i l l a t o r s ,  and f o r  neutrons inc i -  

dent both from t h e  s i d e  and normal t o  the  c i r c u l a r  plane of t h e  de tec tor .  

The same da ta  are a l s o  l i s t e d  i n  Tables 7 through 10.  

The response i s  given as t o t a l  counts (above t h e  respect ive 

bias l e v e l s )  per u n i t  f luence.  

obtained by dividing t h e  response values by t h e  projected a rea  of t h e  

detector  - t h a t  i s ,  counts per cm2 of de tec tor  a rea .  

equivalent t o  t h e  sca le  of counts per  s ing le  neutron incident on t h e  

On t h e  r i g h t  s ide  of t h e  graphs i s  a sca le  

This i s  e n t i r e l y  

whole detector  - which has been frequent ly  used i n  calculat ions of detec- 

t o r  e f f ic iency .  7 38 9 9  

Results a r e  not ava i lab le  a t  t h e  higher neutron energies f o r  

t h e  lowest bias l e v e l s .  The d i f f e r e n t i a l  spec t ra  do not extend t o  these  

bias l eve l s  because of t he  necessary amplitude discriminator i n  t h e  n,y 

discrimination system. 

The points  a t  which t h e  curves in t e rcep t  t he  zero response &is 

= 1 . 0  MeV) are obtained d i r e c t l y  from t h e  curve OS Figure 17  - (below E n 
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t h e  end points  of t h e  d i f f e r e n t i a l  spec t ra .  

these  values go- pulses would be expected t o  f a l l  above t h e  respect ive bias 

l eve l s .  

(They are t h e  same f o r  a l l  four f igures  and tables. 

For neutrons of energy below 

These a re  l i s t e d  as t h e  En threshold i n  Tables 7 through 10 .  

For t h e  2-inch diameter s c i n t i l l a t o r ,  Figures 18 and 1 9 ,  t h e  

point a t  En = 3.91 MeV introduces a jog i n  t h e  response curve. 

a re  drawn through these  points only t o  make c l ea r  with which curve they 

a re  associated.  It shouldn't be implied t h a t  t he re  i s  any f luc tua t ion  i n  

response at t h i s  energy. 

and 3.99 MeV provides one ind ica t ion  of t h e  consistency of measurements 

made a t  somewhat d i f f e ren t  combinations of deuteron beam energy and labora- 

t o r y  angle. The difference i n  t h i s  case i s  about 3 percent.  

a t  3.91 w a s  ac tua l ly  intended t o  be for 4.5 MeV, but  t he  de tec tor  w a s  

inadvertent ly  posit ioned a t  t h e  wrong angle of 45" instead of Oo. ) 

The l i n e s  

The difference between t h e  s e t  of points  a t  3.91 

(The point 

Errors 

The g rea t e s t  source of uncertainty i n  t h e  neutron f l u x  a r i s e s ,  

i n  t he  values for ef f ic iency  of t h e  long counter - primarily i t s  va r i a t ion  

with energy. The absolute counting e f f ic iency  of t h e  counter has been mea- 

sured using t h e  U.S. standard neutron source, NBS-11. The maximum varia-  

t i o n  i n  e f f ic iency  over t h e  1-5 MeV range i s  210 s o  e r ro r s  would be very un- 

l i k e l y  t o  exceed t h a t  amount. Comparisons of fluence measured by t h e  

long counter and a completely independent method, t h e  proton r e c o i l  pro- 

por t iona l  counter,  have recent ly  been showing agreement within 2 5 t o  10  
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percent.  

w e  be l ieve  t h a t  f igure  i s  appropriate.  

Therefore, though t h e  measurement may be b e t t e r  than 10 percent ,  

The s t a b i l i t y  and reproducib i l i ty  of t h e  long counter i s  qui te  

good. The count r a t e  from t h e  inser ted  PuBe source has been stable 

within < 1 percent fo r  t h e  last f i v e  years .  

predicted growth r a t e  of t he  source: 1.08 percent /year . )  Thus, compari- 

sons between runs made at t h e  same energy should be va l id  t o  less than a 

(That i s ,  it follows t h e  

f e w  percent.  

Uncertaint ies  due t o  counting s t a t i s t i c s  are negl ig ib le  i n  a l l  

5 6 4 cases s ince  10 t o  10  counts were accumulated f r o m t h e  monitor, and 10  

t o  10 counts from t h e  s c i n t i l l a t o r  f o r  a l l  runs. 6 

Be(d,n) Thick Target Spectrum 

Early i n  t h i s  cont rac t ,  some i r r ad ia t ions  of gyros and o i l s  were per- 

formed f o r  JPL using t h e  BE(d,n) reac t ion  with E 

f l i g h t  spectrum w a s  l a t e r  taken i n  order t o  character ize  the  energy spec- 

trum of t h a t  f l ux ,  and, i n  pa r t i cu la r ,  t o  obtain a f igure  for  t h e  average 

neutron energy. 

= 1.8 MeV. A time-of- d 

For a de tec tor ,  t h e  2-inch diameter NE0213 s c i n t i l l a t o r  w a s  used 

with normal incidence, and a t  a 68 em f l i g h t  dis tance.  

ina t ion  w a s  used s ince  most y-counts a re  separated i n  time from any neutrons,  

and they provide a convenient reference point  f o r  time zero. Under t h i s  

condition, t he  only discriminator i n  the  system w a s  t h a t  i n  t h e  ORTEC P.M. 

tube base and it w a s  s e t  t o  j u s t  r e j e c t  tube noise .  

No n,y discrim- 

Neutron pulses were 
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accepted which were considerably lower than any b i a s  l e v e l  used during t h e  

response measurements. 

I n  reducing t h e  time-of-flight spectrum t o  an energy spectrum, it i s  

necessary t o  f ac to r  i n  t h e  var ia t ion  with energy of both the  channel width 

and s c i n t i l l a t o r  response. For t h e  l a t t e r ,  a calculated response of t h e  

s c i n t i l l a t o r ,  supplied by JPL, was  used. 

f o r  t h e  1.016 cm thickness ,  and f o r  a 10 keV b i a s .  

The pa r t i cu la r  curve used w a s  

The la t ter  value w a s  

chosen because it was t h e  lowest one of t h e  set  provided, and most 

c losely corresponded t o  t h e  s c i n t i l l a t o r  bias s i t u a t i o n  j u s t  described. 

O u r  measured s c i n t i l l a t o r  responses were not used because they did not 

extend t o  these low bias values.  

A s m a l l  FOCAL program w a s  wr i t t en  fo r  t h e  FW-8 t o  perform t h e  required 

calculat ions fo r  background subt rac t ion ,  f l ight- t ime t o  energy conversion, 

conversion of counts t o  neutrons using manually entered values of detector  

response, and f i n a l l y  ca lcu la t ion  of average energy. 

Figure 22 shows t h e  f i n a l  neutron spectrum and t h e  value of t h e  

average energy, 2.76 MeV. ( I n  monthly repor t s ,  some previous values of t h e  

average energy w e r e  reported f o r  t h i s  data .  F i r s t l y ,  a rough value of 3.33 

MeV was obtained using only t h e  hydrogen cross  sec t ion .  Secondly, t he  p lo t  

of calculated response f o r  t he  s c i n t i l l a t o r ,  informally supplied by JPL, was 

used and yielded a value of 2.86 MeV. However, t h e  unlabled energy sca le  of 

t h e  p lo t  was incor rec t ly  in te rpre ted  t o  be 0-10 MeV ra the r  than 0-20 MeV. 

The present value of 2.76 MeV f o r  t h e  average energy was obtained using the  

correct  s ca l e  of 0-20 MeV and it supercedes t h e  values previously reported.  ) 
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APPENDIX 

SCINTILLATION NEXTRON SPECTROMETER SYSTEM 

BLOCK DIAGRAM 

AND 

CONTROL SETTINGS 
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HE I GHT C ~ ~ R  

(GATE DELAY AND 

I MULT I C H A ~ ~ E L  

BLOCK DIAGRAM 
SCINTILLATION NEUTRON SPECTROMETER ( n , y  DISCRIMINATING) 



1. 

2. 

3. 

4. 

5. 

A-3 

BLOCK DIAGRAM COMPONENTS AND SETTINGS 

Constant Fract ion Timing P.M. Base. ORTEC Model 27 

used with an ORTEC Model 403A Control,  3 . )  

I n t e r n a l  Adjustments Only. 

. (It must be 

P.M. High Voltage Supply, 0-3000 V Cal ibrat ion Standards Corporation, 

Model 122 B.  

Negative 2050 and 2200 V values were used. 

T ime  Pickoff Control 

ORTEC Model 403 A 

a )  Disc. Level: 1 .0  for nearly a l l  runs. 

b) 

c )  

DDL Amplifier 

Canberra Indus t r ies  Model 1411 

Output 3 (pos.  ) used f o r  start  v i a  ( 5 ) .  

Output 1 or 2 (neg) used for osci l loscope sync. 

a )  

b )  Time Gain: Always min ( C C W )  , or 4. 

c )Input Mode: Pos . , 1/10.  

d )  

e )  

Gate and Delay Generator 

ORTEC Model 416 

a )  Delay Range: 1 .0  - 11 us. 

b )  Delay Pat :  2.00 

c )  Delayed Gate: Width 0.4 us. 

Coarse Gain: Various, x 8, x 16  and x 32 used. 

DDL Output t o  Timing SCA ( 6 ) .  

DL Output t o  P.H. Analyzer v i a  ( 7 )  and (10). 



A-4 

d )  Delay Gate: Amplitude 4V. 

e )  Delayed Gate: Neg. output t o  start  input of ( 8 ) .  

Timing Single-Channel Analyzer 

ORTEC Model 420 

a)  Disc. "E": Varied, used at  0.20 and 0.30. 

b) Disc, AE: Not relavent .  

e )  Mode: In t eg ra l ,  Bipolar 

d )  Walk: 

time-P.H. Conv. ( 8 ) .  

Neg. output t o  s top  input of (8) .  

Adjusted fo r  bes t  reso lu t ion  of n,y timing spec t ra  from 

e )  

Delay Amplifier 

ORTEC Model 427 

a )  

Time-to-Pulse Height Converter 

ORTEC Model 437 A 

Delay switches s e t  for t o t a l  of 3.5 us .  

Range: 0 .1  us. 

Mult ipl ier :  x 1 

Amplitude: 1 0  V 

Output Delay: Min, ccs ,  0 .5  ux. 

Strobe: In t e rna l ,  gate  anticoincidence 

output,  93 ohm: 

Output , 1 ohm: 

output) when checking n,y timing discrimination point .  

t o  timing SCA ( 9 )  

t o  delay amp ( 7 )  ( i n  place of DDL Amp. DL 
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9. Timing Single-Channel Analyzer 

Canberra Indus t r ies  Model 1436 

a)  Window: Not re levant .  

b )  Base Line: Primary adjustment for  n,y discrimination. Se t t ings  

var ied between 2.5 and 3.5 and can be c r i t i c a l  (+ - 0.02). 
c )  Delay: 0 .0 .  

d )  Mode: LE and SCA. 

e )  Output: POS. t o  gate  (10). 

10. Linear Gate 

Canberra Industr ies  Model 1451 

Gate Mode: On for n,y discrimination 

Gate Mode: O f f  cor no n,y discrimination and for examining n,y 

timing spec t ra  from T-PH Conv. ( 8 , g ) .  

Gate Width: 3.0 

Gate Delay: 0.95 

(Gate width and delay adjusted t o  accept arrival time of DL 

pulse from DDL Amp (4). Other delay adjustment possible  i n  

Delay Amp. ( 7 ) .  

11 e Multichannel Analyzer 

Nuclear Data ND2200, io24 Channel 

a )  

b )  Input: + 10  V ,  Delayed ADC and Discrim. 

c )  Conversion Gain: 256. 

d )  Linear Gate Closed. Lower d i sc  1.3, a t  about channel one or two. 

Usually operated as four 256 channel groups. 
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11. (Cont'd) 

e) Upper Disc: 10.0. 

f) Monitor Oscilloscope: Tektronix Type RM 503. 

Oscilloscope Tektronix 555 with Type L Plug in. 

a) Sweep trigger: Ext. from P.M. Time pick off ( 3 )  

Plotter, Houston Ommigraphic Model 6550 .  

12. 

- 13. 

14. Printer, Monroe Data/Log. 


